The backbone structure of many hemicelluloses is acetylated, which presents a challenge when the objective is to convert corresponding polysaccharides to fermentable sugars or else recover hemicelluloses for biomaterial applications. Carbohydrate esterases (CE) can be harnessed to overcome these challenges.
INTRODUCTION
Whereas recent comparative analyses of CEs have considerably advanced our understanding of 23 enzyme regio-selectivity towards acetylated xylans, only one study has been reported that 24 investigates CE action towards specific acetylated positions within mannan substrates [24] .
25
Accordingly, herein we compare the activity and regio-selectivity of three CEs using major, 26 wood-derived hemicelluloses, namely 4-O-methylglucuronoxylan (MGX) (herein, from
27
Eucalyptus globulus) and acetyl-galactoglucomannan (GGM) (herein, from Norway spruce). The 28 CEs were selected from three different CE families, namely acetyl xylan esterase AnAcXE (CE1) 29 from Aspergillus nidulans, acetyl xylan esterase OsAcXE (CE6) from Orpinomyces sp., and 30 acetyl esterase MtAcE (CE16) from Myceliophthora thermophile. Enzymes from these CE 31 families were selected based on (1) our previous analysis of AnAcXE (CE1) that confirmed 32 activity on acetylated polysaccharides, including cellulose acetate [34] , (2) OsAcXE (CE6) being 33 a commercially available enzyme with reported activity on acetylated xylans [29, 32] , but so far 34 not on mannans, which is notable given that the CE6 family comprises the largest number of predicted plant acetyl esterases and so may be expected to possess broad substrate specificity and 1 act on both xylans and (gluco)mannans, and (3) few examples where CE16 enzymes have been 2 characterized using natural substrates even though reports to date indicate activity towards 3 typically resistant positions, such as (2-O-MeGlcpA)3-O-acetyl-Xylp in MGX [33] , and reported 4 activity towards (oligomeric) GGM [14, 17, 18] .
5
Briefly, the current comparative analysis showed that positional preference of selected enzymes 6 towards MGX does not predict its positional preference towards GGM, and that enzymes showing 7 similar positional preference towards one substrate may differ when compared using another. The 8 present comparative analysis of CEs on both MGX and GGM underscores the importance of 9 including natural substrates when characterizing enzyme action, and the difficulty to predict 10 enzyme action on GGM based on known activity towards MGX or vice versa. 
MATERIALS AND METHODS

14
2.1. Enzymes, substrates, and assay reagents 15 16 In-house and commercially available enzymes were used for this study. Specifically, AnAcXE Prof. Willför (Åbo Akademi University, Finland). Total acetyl groups available in MGX or GGM 28 were determined as described in [9] and were found to be 15 and 9% of total substrate weight, 29 respectively. Briefly, 1 mg of GGM or MGX was suspended in 200 µL of 0.1 N NaOH and 30 incubated with shaking (120 rpm) for 24 h at room temperature; released acetic acid was 31 neutralized and then measured using the Acetic Acid Assay Kit (K-ACET) purchased from 32 Megazyme (Ireland). 
pH Optima
The pH optimum of each enzyme was evaluated using 4-methylumbelliferyl acetate (4-MUA) [38] 1 (Supplemental Figure 2) . Reaction mixtures (400 µL) comprised 100 mM of the selected buffer, 2 2.5 mM 4-MUA, and 10 µL of the enzyme sample. Enzyme doses were adjusted to ensure that 3 linear rates of reaction were measured, and were 3.6 µg for AnAcXE (CE1); 0.2 µg for OsAcXE 4 (CE6) and 0.05 µg for MtAcE (CE16). Chosen buffers were: sodium citrate buffer (pH 3.0 to pH 5 5.0), sodium phosphate buffer (pH 6.0 to pH 8.0), and glycine-OH buffer (pH 9.0 to pH 10.0).
6
Following incubation at 40 °C for 10 min, reactions were stopped by adding of 600 µL 50 mM 7 citric acid (pH 2.2), vortexed, and then passed through a 0.2 µm GHP Acrodiscs 13 filter (PALL) 8 to remove insoluble particles prior to measurement of 4-methylumbelliferone at 345 nm. pH 9 optima were also confirmed using MGX and the Acetic Acid kit (K-ACET) (Supplemental Figure   10 3). were then processed and measured as described above. 
Activity measurements using MGX and GGM
24
To measure specific activities for each enzyme on each substrate, reaction mixtures (200 µL) 25 comprised 100 mM sodium phosphate buffer (pH 7.0), 0.5% (w/v) substrate, and 50 µL of the 26 enzyme sample. Enzyme doses were adjusted to ensure that linear rates of reaction were 27 measured. When using MGX, enzyme doses were 0.5, 1 or 5 µg of AnAcXE (CE1), 0.5, 1 or 5 28 µg of OsAcXE (CE6), and 0.5 or 1 µg of MtAcE (CE16). When using GGM, enzyme doses were 29 2.5 or 5 µg of AnAcXE (CE1), 2.5 or 5 µg of OsAcXE (CE6), and 0.05, 0.1 or 0.3 µg of MtAcE.
30
Following incubation at 40 °C for 10 min, reactions were stopped by adding 40 µL of 0.33 M 31 H 2 SO 4 . Released acetic acid was quantified using the Acetic Acid Assay Kit (K-ACET).
33
To quantify the extent of acetyl group released by each enzyme after 24 h, reaction mixtures (200 34 µL) comprising 100 mM sodium phosphate buffer (pH 6.0), 0.5% (w/v) substrate, and 10 µg of AnAcXE (CE1), OsAcXE (CE6), or MtAcE (CE16) (i.e., 10 mg enzyme/ g substrate) were 1 incubated with shaking (120 rpm) at 40 °C. Overnight reactions were performed at pH 6.0 to 2 minimize the possibility of auto hydrolysis, release of acetyl groups from the substrate, and acetyl 3 group migration [39] . Reaction mixtures without enzyme served as negative controls and were 4 subtracted from test measurements. Quantitative HSQC NMR was performed to quantify acetyl group release from MGX and GGM. Rates of acetyl group release from specific positions within MGX and GGM were monitored by all cases, enzymes were prepared in 100 mM deuterated sodium phosphate buffer, spectra were 28 processed and analyzed using TopSpin 3.0 (Bruker).
29
Sum of integrals was normalized to 100% and signals were then plotted against time using AnAcXE (CE1), OsAcXE (CE6), and MtAcE (CE16) were similarly active at pH 7.0 or pH 6.0 8 (Table 1) , by showing ≥90% of their maximal activity at pH 7.0 and ≥85% at pH 6.0. Accordingly, 9 reaction rates were measured at pH 7.0 to ensure comparable substrate solubility, whereas 10 overnight reactions were performed at pH 6.0 to minimize the possibility of autohydrolysis, non-11 enzymatic release of acetyl groups, and acetyl group migration. Notably, AnAcXE and MtAcE 12 retained over 90% activity after 24 h at pH 6.0 (40 °C), whereas under these conditions, OsAcXE 13 activity decreased by 40% after 5 h and 60% after 24 h ( Figure 3 ). OsAcXE (CE6) and MtAcE (CE16) showed similar specific activity towards MGX, which were 24 approximately four times higher than that obtained for AnAcXE (CE1) ( Table 3) . By contrast, 25 similar specific activities were measured for AnAcXE (CE1) and OsAcXE (CE6) on GGM, which 26 were lower than corresponding enzyme activities on MGX (Table 3) . MtAcE (CE16) was 27 interestingly distinguished by demonstrating 100 times higher activity on GGM compared to 28 AnAcXE (CE1) and OsAcXE (CE6), and five times higher activity on GGM than MGX (Table 3) .
The specific activity of MtAcE (CE16) towards GGM (~2000 nkat/mg; 120 µg/min/mg) was 30 comparable to that reported for AGME from Aspergillus niger (1190 nkat/mg) where 5 times 31 higher GGM concentration was used [20, 21] . Similarities between MtAcE (CE16) and AGME
32
suggests that MtAcE (CE16) is likewise an unspecific acetyl mannan esterase [8] .
Real time 1 H NMR was then performed for each enzyme to unravel potential preferences for specific positions within MGX and GGM. Positional preference was defined as the ratio of towards acetyl groups present on doubly substituted Xylp (i.e., 2,3-O-acetyl-Xylp, Table 4 ).
9
Although it was not possible to resolve which of these two acetyl residues were preferentially 10 targeted, preferred action towards 2,3-O-acetyl-Xylp positions was previously also reported for Figure 2B , Table 5 ). Still, the comparably high activity of MtAcE (CE16), as well as AnAcXE (CE1) and The comparison of three CE families using both MGX and GGM uncovered substrate-10 dependent and enzyme dependent differences in reaction rates, extent of substrate conversion,
11
and regio-selectivity. In particular, the acetyl xylan esterases AnAcXE (CE1) and OsAcXE
12
(CE6) displayed different specific activities towards MGX yet similar regio-selectivity. On the 13 other hand, these enzymes were similarly active towards GGM. Notably, MtAcE (CE16) was 14 set apart from both acetyl xylan esterases by its comparatively high specific activity towards
15
GGM. Nevertheless, comparably high activity of all three enzymes on 2-O-acetylated positions 16 in GMX and GGM, which has equatorial orientation in Xylp and axial orientation in Manp, 17 suggests that the stereochemistry of the acetyl group has little effect on the activity of these 18 enzymes.
20
The comparative analysis of three CE families on MGX and GGM underscore the impact of the 21 selected substrate on reported enzyme activity as well as regio-selectivity, further highlighting 22 known challenges associated with predicting enzyme action based on model compounds.
23
Positions within major hemicellulose sources that remain resistant to CE action were confirmed, [23] R. Gutiérrez, E. Cederlund, L. Hjelmqvist, a Peirano, F. Herrera, D. Ghosh, W. Duax, H. 
